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In this paper, we propose to study the magneto-photon-phonon resonance effects observed in terahertz
THz-driven two-dimensional electron gases in strong magnetic fields. The photon energy of the THz elec-
tromagnetic radiations is on the scale of the cyclotron energy induced by strong magnetic fields and the
LO-phonon energy so that i THz radiations will modify strongly the process of electron energy relaxation in
the device structure; ii electrons can gain the energy from ac and dc driving fields through, e.g., absorption
of the photons and lose the energy through, e.g., emission of the LO phonons; and iii resonant scattering will
occur among different Landau levels LL’s when a condition McLO is satisfied, where c
( ,LO) is the cyclotron photon, LO phonon frequency and M is an index difference between two LL’s. This
leads to an enhancement of the resistivity and, consequently, to an enhanced rate of the absorption of the THz
electromagnetic radiation in the sample systems. Varying the photon and cyclotron frequencies will result in a
series of magneto-photon-phonon resonances observed in the dc resistivity or conductivity and/or in the
optical absorption coefficient. We have presented a detailed theoretical study to observe this quantum reso-
nance effect. S0163-18299610731-1
I. INTRODUCTION
Far-infrared FIR or terahertz THz electromagnetic
waves are of paramount importance in applications such as
radio astronomy, environmental monitoring, plasmon diag-
nostics, and certain types of laboratory spectroscopies.1 In
recent years, the generation, propagation, and detection of
THz electromagnetic radiation has become a fast-growing
research field in photonics, optoelectronics, and condensed-
mater physics communities. It has been realized that
Al xGa 1xAs/GaAs-based low-dimensional electron systems
LDES’s can be used as THz radiation detectors. In a LDES,
the conducting electrons are confined within the nanometer
distance scale so that the electronic subband energy, the elec-
tron kinetic energy, the Fermi energy, etc. are on the meV
scale noting that THz for meV). Therefore, THz
electromagnetic radiation may couple strongly to the device
system. Furthermore, the results obtained from a recent theo-
retical study show2 that for an Al xGa 1xAs/GaAs-based
LDES driven by THz electromagnetic fields, the inverse of
the relaxation time or scattering rate caused by electron
interactions with impurities and phonons is also on the scale
of THz i.e., 1/	1012 s 1), which implies that THz radia-
tion may modify strongly the processes of the momentum
and energy relaxation for the excited electrons in the device
systems. Hence, THz techniques are of significant impact on
the characterizations of condensed-matter materials, espe-
cially for low-dimensional semiconductor systems and semi-
conductor nanostructures.
With the development and application of state-of-the-art
techniques such as free-electron lasers FEL’s, it has be-
come realistic to investigate the electronic properties of a
device under THz electromagnetic radiation. FEL’s can pro-
vide the source of the linearly polarized intense THz radia-
tion with which one can study the frequency-dependent
physical properties through measuring, e.g., dc
conductivity,3–5 photon-assisted tunneling,6 cyclotron
resonance,7 etc. For the application of LDES’s as THz radia-
tion detectors, it is essential to study absorption of the device
of electromagnetic radiation. One of the most important and
the most popularly used experimental techniques to study
optical absorption is to measure the response of the dc con-
ductivity or resistivity to the radiation fields. Recently, lin-
ear and nonlinear electron transport in THz-driven two-
dimensional electron gases 2DEG’s at zero magnetic field
has been studied experimentally,3,4 where some important
and interesting results were reported. At low temperatures
and in the presence of quantizing magnetic fields, photon-
modified Shubnikov–de Hass oscillations have been ob-
served experimentally for a 2DES Ref. 5 and the measure-
ments of FIR cyclotron absorption in Al xGa 1xAs/GaAs
heterojunctions have been carried out recently.8
In this paper, we present a detailed theoretical study of
electron magnetotransport in THz-driven 2DEG’s in strong
magnetic fields at relatively high temperatures. At high tem-
peratures (T50 K, electron interactions with optical
phonons will play an important role in determining the elec-
tronic transport properties. Now we enter a regime with dif-
ferent competing energy scales: i electronic subband en-
ergy (
n); ii Fermi energy or chemical potential *); iii
cyclotron energy (c); iv phonon energy (Q); v pho-
ton energy (); vi thermal broadening (kBT); and vii
Landau-level broadening (N). For an Al xGa 1xAs/
GaAs-based 2DES driven by THz electromagnetic fields and
by strong magnetic fields, all these energies frequencies are
on the meV THz scale. This offers us a possibility to ob-
serve photon-induced quantum resonance effects. We will
limit ourselves to a situation where the energy relaxation of
electrons is mainly through the absorption of photons and the
absorption and emission of longitudinal optical LO
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phonons. We are interested in the effects which are a conse-
quence of electronic transitions among different Landau lev-
els LL’s via electron interactions with photons and with LO
phonons. In such a case, we predict that when a condition
McLO where LO is the LO-phonon frequency and
M is an index difference between two LL’s is satisfied,
resonant scattering will occur between two LL’s so that the
dc resistivity and the optical absorption coefficient will be
enhanced. Consequently, these quantities are expected to os-
cillate as a function of magnetic field and/or photon fre-
quency. This resonance effect, we call it magneto-photon-
phonon resonance MPPR, is electrically analogous to the
magnetophonon resonance MPR Ref. 9 and electro-
phonon resonance EPR Refs. 10 and 11 which are ob-
served in the absence of the electromagnetic radiation.
In the present study, we develop a model, in Sec. II,
which can be used to study magnetotransport in an electron-
photon-phonon system in 2DEG structures. The results ob-
tained for the observation of the magneto-photon-phonon
resonance effect are presented and discussed in Sec. III. Our
conclusions from this study are summarized in Sec. IV.
II. FREQUENCY-DEPENDENT MAGNETORESISTIVITY
IN 2DEG’S
There exist a number of theoretical studies on the
frequency-dependent magnetoconductivities or resistivities
in 2DEG’s.12–14 However, most of the published work e.g.,
in Refs. 12–14 is focused on the problem of cyclotron reso-
nance, which is essentially a low-temperature effect and
mainly caused by electron interactions with elastic scattering
mechanisms e.g., with impurities. In this paper, we con-
sider a relatively high-temperature regime where electron in-
teractions with LO phonons are the main processes for elec-
tron energy relaxation accompanied by optical absorption.
Taking into account a configuration in which i the growth
direction of a 2DES is along the z axis; ii the magnetic field
is applied perpendicular to the interface of the 2DES i.e.,
B(0,0,B); iii the electromagnetic radiations are polar-
ized along the x direction; and iv the effect of the electro-
magnetic field with a frequency  can be represented by an
ac electrical field with a frequency  , the frequency-
dependent magnetoconductivities can be derived using, e.g.,
the Kubo formula in the linear response approximation. In
this paper, we employ a simple model proposed by Ting
et al.12 to calculate the magnetotransport coefficients in the
presence of THz electromagnetic fields and of electron–LO-
phonon interactions. Following the derivation presented in
Ref. 12, the frequency-dependent magnetoconductivity in a








where ne is the electron density of the 2DEG,
m*()m*1M 1()/ , 	M 2
1()m*()/m* and
c*cm*/m*() are, respectively, the frequency-
dependent effective electron mass, relaxation time, and cy-
clotron frequency with m* the effective electron mass and
ceB/m* the cyclotron frequency in the absence of the ac
field, and M ()M 1()iM 2() is the memory function
induced by electron interactions with impurities, phonons,
etc. The memory function for electron-impurity scattering
has been documented in Refs. 12 and 15, and for electron-
phonon scattering in Ref. 15. From Eq. 1, the longitudinal
















We find that in the presence of an ac driving field, it is more
convenient to study the frequency-dependent magnetoresis-











We note that in the presence of electromagnetic radiation,
the real part of the transverse conductivity Rexy resistivity
Rexy) will deviate from remain as the conventional Hall
effect.
To study the magneto-photon-phonon resonance, in the
present paper we take into consideration electron interactions
only with LO phonons. After i introducing the Hamiltonian
for electron–LO-phonon interaction into the model proposed
in Ref. 12, ii ignoring the effects of electron-electron inter-
actions, and iii ignoring the contribution from photon emis-
sion, the memory function for electron–LO-phonon scatter-










LO /kBT11 and Ne
(LO)/kBT
11, Q(q,qz)(qx ,qy ,qz) is the phonon wave vector,
and (q ,)1(q ,)i2(q ,) is the Fourier transfor-
mation of the electron density-density (d-d) correlation
function. Further, applying the Fröhlich Hamiltonian to a
2DEG, the square of the electron–LO-phonon interaction
matrix element is given by
u(Q)24L0(LO)2G(qz)/Q2 with  the electron–
LO-phonon coupling constant, L0(/2m*LO)
1/2 the po-
laron radius, and G(qz)0eiqzz02 the form factor for
electron-phonon interaction. Here we have considered a situ-
ation where only the lowest electronic subband is occupied
by the electrons, which corresponds to a case when the elec-
tron density is less than 61015 m 2.16 Under some ap-
proximations, the memory function given by Eq. 4 for
electron–LO-phonon interaction is found to be similar to
those obtained by other authors in Ref. 15 which is based on
a momentum-balance equation approach and Ref. 17 which
takes into account the full current-current correlations in the
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Kubo formula. Equation 4 can be obtained from Eqs. 37
and 38 in Ref. 15 by taking i the linear response approxi-
mation, i.e., TTe ; ii (1LO)
1→(1
LO); iii 0q•v	 with v the drift velocity of
electrons; and iv the phonon relaxation time 	ph→0. We
note that i in this paper we have confined our study within
the linear response regime due to the usage of the Kubo
formula; ii the experimental measurements reported in
Refs. 3 and 4 are carried out at strong ac driving fields
(EackV/cm under a weak dc bias (Edc
2 V/cm so that
0	 is a good approximation in the theoretical model
dealing with the THz radiation frequencies. Furthermore, due
to EacEdc , the effects of a dc bias cannot be seen in the
linear response theory; and iii a very weak hot-phonon ef-
fect has been indicated by the experimental results reported
in Ref. 3. We find that Eq. 4 can also be obtained from Eqs.
2.33 and 2.33) in Ref. 17 by taking the phonon propaga-
tor to be a  function and ignoring the effects of screening
due to the self-consistent field.
It can be justified that under THz electromagnetic
















2) and the imaginary
part of the electron d-d correlation function in the presence
of strong magnetic field and in the absence of electron-









dE f E  f E
ImGNE ImGNE. 6
Here, N is the index for the Nth LL, l(/eB)1/2 is
the magnetic length, f (E)e (E*)/kBT11 is the
Fermi-Dirac function, and CN ,NJ(x)N!/(N
J)!xJexLN
J (x)2 with LN
J (x) the associated Laguerre
polynomial. Further, ImGN(E) is the imaginary part of the
Green’s function for the Nth LL. In principle, the imaginary
and real parts of the Green’s function for the LL’s can be
determined by, e.g., self-consistent calculations,9,19 but this
complicates the numerical calculation considerably and we
do not attempt it in the present study. In this paper, we use a
Gaussian type of LL shape which is a phenomenological LL








with EN(N1/2)c the Nth LL energy and N the width
of the Nth LL. For the LL broadening induced by short-range
impurity scattering, N
2 2(2e/0m*)c with 0
the quantum mobility at zero magnetic field at low-
temperature limit.14 To determine the term X(q), we need to
know the sample structure of the 2DEG. In this paper we
consider an Al xGa 1xAs/GaAs heterojunction. We make the
usual triangular well approximation to model the confining
potential along the growth direction and use the correspond-
ing variational wave function.14 Thus, we have
X(q)(/8q)(89y3y2)/(1y)3 where yq/b and
b(48m*e2/2)(Ndepl11ne/32)
1/3 defines the thick-
ness of the triangular well with  the dielectric constant and
Ndepl the depletion charge density. Now, we can proceed
with numerical calculations for the frequency-dependent
magnetoresistivity in Al xGa 1xAs/GaAs heterojunctions.
III. RESULTS AND DISCUSSIONS
The results of this section pertain to Al xGa 1xAs/GaAs
heterojunctions. For a model calculation, we use typical
sample parameters for a heterojunction: i the electron den-
sity of the 2DEG ne210
15 m 2; ii the sample mobility
at B0, 0, and T→0 is 02 m 2/V s which is used to
determine the LL width; and iii the depletion charge den-
sity Ndepl510
14 m 2. The material parameters corre-
sponding to GaAs are: the effective electron mass
m*0.0665me with me the rest electron mass; the static
dielectric constant 12.9; the LO-phonon energy
LO36.6 meV; and the electron–LO-phonon coupling
constant 0.068. Further, the chemical potential * is de-
termined by the condition of electron number conservation.
From Eq. 3 we see that under the linear response ap-
proximation, the transverse resistivity xy represents the con-
ventional Hall effect, i.e., xy depends very little on the elec-
tromagnetic radiations. Hence, we may pay attention only to
the longitudinal resistivity xx . The real and imaginary parts










2  . 8
Here, we see that Imxx and is independent of the mag-
netic field. Therefore, the real part of xx is of interest in the
measurements of magnetoresistivity and the optical absorp-
tion coefficient.
The real part of the longitudinal magnetoresistivity as a
function of magnetic field photon frequency is show in Fig.
1 Fig. 2 at a fixed temperature T120 K for different ra-
diation frequencies magnetic fields. The effects of MPPR
can be clearly seen by spotting Rexx as a function of B
and/or  , which indicates that the MPPR effects may be
observed experimentally by measuring the dependence of the
dc resistivity or conductivity and the optical absorption co-
efficient on the magnetic fields radiation frequency at a
fixed photon frequency magnetic field. The peaks of
Rexx can be observed around the MPPR condition:
McLO with M1,2,3, . . . being an index differ-
ence between two LL’s. This corresponds to electronic tran-
sitions between two LL’s accompanied by the processes of
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photon absorption and LO-phonon emission. The results
shown in Fig. 2 and obtained from our further calculations
have indicated that by plotting Rexx as a function of radia-
tion frequency at a fixed magnetic field, a stronger MPPR
oscillation can be observed around a magnetic field where
LO /c is an integer number see Fig. 2, i.e., when the
condition of MPR is satisfied. This can be understood by the
fact that i the density of states DOS for a 2DEG in strong
perpendicular magnetic fields is a series of Gaussian-
function or -function, in an ideal case peaks centered at
each LL; ii in GaAs-based LDEG’s, electrons interact
much more strongly with phonons than with photons; and
iii the strongest optical absorption occurs among different
LL’s when the condition of cyclotron resonance CR is sat-
isfied, i.e., when Ic with I1,2,3, . . . being an index
difference between two LL’s. Therefore, we predict that the
MPPR effect may be observed under the conditions of MPR.
From Fig. 1, we see that with increasing radiation fre-
quency, the MPPR peaks corresponding to M1,2,3, etc.
shift to the low-magnetic-field regime, which implies that the
MPPR effect may be observed at relatively low magnetic
fields. The physical reason behind this is that, in the presence
of electromagnetic radiation, electrons can gain the energy
from radiation fields to reach the higher LL’s through optical
absorption processes. This is the electrical equivalent of a
reduction of the LO-phonon energy so that the resonance
occurs at a lower B field, i.e., at the condition
McLO . We note that by looking at the dependence
of magnetoresistivity or conductivity and the optical ab-
sorption coefficient on the magnetic fields i the number of
MPPR peaks decreases with increasing radiation frequency
because M decreases with increasing ; ii the MPPR os-
cillation cannot be observed at very high radiation frequen-
cies i.e., for LO) because the possibility of electronic
transitions via resonant processes of photon-absorption and
LO-phonon emission is suppressed; and iii the amplitude of
the corresponding MPPR peaks observed in Rexx increases
with radiation frequency due to the effect of optical absorp-
tion. An important conclusion we draw from Fig. 1 is that a
stronger resonant absorption of higher-frequency electro-
magnetic radiation may occur at a lower magnetic field under
the MPPR condition.
The results presented in Fig. 2 show that i the strongest
MPPR oscillation can be observed around LO at high
magnetic fields. In this situation, the energy transfer for elec-
trons during the electronic transitions via photon-absorption
and LO-phonon emission is very small; ii the amplitude of
the MPPR peak at LO increases with magnetic field,
which implies an enhancement of the resonant-optical ab-
sorption by the magnetic fields; iii within a certain radia-
tion frequency range, the number of MPPR peaks decreases
with increasing magnetic field; iv the oscillations of
Rexx with  can still be observed at low magnetic fields
when  LO . This is due to the effect of cyclotron absorp-
tion; and v the amplitude of oscillations decreases with
magnetic field. The results obtained from the further calcu-
lations show that at very high magnetic fields i.e.,
cLO) the amplitude of the oscillation of Rexx with  ,
where a peak can be found at LO , deceases rapidly with
increasing magnetic field.
In the present study, our numerical results are presented
for a temperature T120 K. In the absence of electromag-
netic radiation, the results obtained from experimental mea-
surements and theoretical calculations have indicated that the
magnetophonon resonance effect can be observed for an
Al xGa 1xAs/GaAs-based 2DEG over a temperature regime
100
T
200 K.9 From the fact that in these sample systems
at high temperatures the electron–LO-phonon interactions
are much stronger than the electron-photon interactions, we
may expect that the effect of MPPR can also be observed
experimentally over the temperature range 100
T
200 K.
In our model, we have ignored the contribution from photon
emission to the resistivity or conductivity. This contribu-
tion is supposed to be much smaller than that from absorp-
tion in THz frequency regime, due to i a reduced effective
phonon occupation number n(LO)/kBT with
n(x)(ex1)1 „note that for the case of optical absorption
we have a term n(LO)/kBT , see Eq. 4… and ii a
reduced electron d-d correlation function (q ,LO)
whereas for optical absorption we have a term
FIG. 1. Magneto-photon-phonon resonance observed by mea-
suring dc resistivity as a function of magnetic field at a fixed tem-
perature T for different radiation frequencies. LO55.6 THz for
GaAs.
FIG. 2. Magneto-photon-phonon resonance observed by mea-
suring dc resistivity as a function of radiation frequency for differ-
ent magnetic fields. On the top, the photon frequency is shown by
f /2 .
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(q ,LO) shown in Eq. 4. We did not include the
effects of electron-electron (e-e) screening within our calcu-
lations. The theoretical results reported have shown that at
relatively high temperatures and/or high-electron tempera-
tures the influence of the e-e screening on the transport
properties e.g., electron mobility,10,20 magnetoresistivities,9
and electron energy loss21 is rather weak. This is because
the inclusion of e-e screening through, e.g., random phase
approximation results in an enhancement of the effective rate
of electron scattering due to dynamical effects and in a re-
duction of the density of states by static screening over the
entire temperature and electron density region. The compen-
sation of these two processes suppresses greatly the effect of
e-e screening on the transport properties. Further, we have
used a phenomenological LL shape in our calculations and
we have used the result obtained from short-range scattering
for the LL width, to avoid a heavy numerical calculation in
determining the LL structure through, e.g., the self-consistent
calculations.9,19 From our study of magnetophonon
resonance,9 we know that a fully self-consistent determina-
tion of the LL structure could improve the theoretical results
significantly in reproducing the experimental findings. We
did not attempt it in the present study, mainly because no
experimental measurement has been reported so far on the
MPPR effects, to the best of our knowledge.
IV. SUMMARY
In this paper, we have studied the effect of magneto-
photon-phonon resonance observed in two-dimensional
semiconductor systems in the presence of strong magnetic
fields and terahertz electromagnetic radiation. This effect is a
consequence of electronic transitions among different Lan-
dau levels accompanied by the processes of optical absorp-
tion and LO-phonon emission, and is electrically analogous
to the magnetophonon resonance and electrophonon reso-
nance. We have developed a simple theoretical model to
study the high-field magnetotransport in THz-driven 2DEG’s
and the optical absorption. The main results obtained from
this study are summarized as follows.
The magnetotransport in THz-driven 2DEG’s and/or the
optical absorption in strong magnetic fields can be investi-
gated by looking into the frequency-dependent magnetoresis-
tivities which can be directly applied to the calculation of the
frequency-dependent conductivity and of the optical absorp-
tion coefficient. At relatively high temperatures, where
electron–LO-phonon interactions are of the most importance
in the electron scattering mechanisms, we find that i the
transverse resistivity xy remains with the conventional Hall
effect, whereas the conductivity xy will deviate from the
Hall effect and will depend on the radiation frequency; ii
the imaginary part of the longitudinal resistivity Imxx
and is constant in magnetic field; and iii only Rexx is of
interest in studying frequency-dependent magnetoresistivi-
ties.
We have studied the dependence of Rexx on the mag-
netic field and on the radiation frequency. The results indi-
cate that i the effect of magneto-photon-phonon resonance
can be observed through measuring, e.g., the dc resistivity or
conductivity as a function of magnetic field photon fre-
quency at a fixed radiation frequency magnetic field; ii
Rexx oscillates with B and/or with  , and the peaks of
MPPR can be observed when the condition McLO
is satisfied; iii by plotting Rexx as a function  , a stronger
MPPR occurs around magnetic fields at which the conditions
of magnetophonon resonance is satisfied; iv the strongest
oscillation observed by plotting Rexx versus  appears at
LO and the amplitude of the peak increases with mag-
netic field. It suggests a magnetic-field-enhanced optical ab-
sorption effect; v with increasing magnetic field, the corre-
sponding MPPR peaks observed by plotting Rexx versus
B shift to the low-magnetic-field regime, which implies that
the MPPR effect may be measured at relatively low magnetic
fields in comparison with the observation of magnetophonon
resonance; vi when LO , the MPPR oscillations can
not be seen by varying magnetic field whereas Rexx still
oscillates with  at low magnetic fields; and vii at MPPR
conditions, the amplitude of the peaks shown in Rexx in-
creases with radiation frequency. Together with those stated
in v and shown in Fig. 1, we may suggest that a stronger
absorption of the higher-frequency radiation will occur at
lower magnetic fields.
The theoretical results presented and discussed in this pa-
per have indicated that high-field magnetotransport in THz-
driven 2DEG’s is very rich both in physics and in device
applications. From the fundamental study point of view, THz
electromagnetic radiation brings us a possibility to observe
photon-induced novel quantum resonance effects through
simple and classic measurements such as transport measure-
ments. And from the device application point of view, on the
other hand, the investigation of electron magnetotransport
in THz-driven electronic systems would be very beneficial to
the design and application of novel electronic, photonic and
optoelectronic devices. For example, the magneto-photon-
phonon resonance effect may be applied in frequency tun-
able far-infrared detectors and in the determination of the
frequency of THz electromagnetic radiation.
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